East Diamante is a submarine volcano in the southern Mariana arc that is host to a complex caldera ~5 × 10 km (elongated ENE-WSW) that is breached along its northern and southwestern sectors. A large field of barite-sulfide mounds was discovered in June 2009 and revisited in July 2010 with the R/V Natsushima, using the ROV Hyper-Dolphin. The mound field occurs on the northeast flank of a cluster of resurgent dacite domes in the central caldera, near an active black smoker vent field. A 40 Ar/ 39 Ar age of 20,000 ± 4000 years was obtained from a dacite sample. The mound field is aligned along a series of fractures and extends for more than 180 m east-west and >120 m north-south. Individual mounds are typically 1 to 3 m tall and 0.5 to 2 m wide, with lengths from about 3 to 8 m. The mounds are dominated by barite + sphalerite layers with the margins of each layer composed of barite with disseminated sulfides. Rare, inactive spires and chimneys sit atop some mounds and also occur as clusters away from the mounds. Iron and Mn oxides are currently forming small (<1-m diam, ~0.5-m tall) knolls on the top surface of some of the barite-sulfide mounds and may also drape their flanks. Both diffusely and focused fluids emanate from the small oxide knolls. Radiometric ages of the layered barite-sulfide mounds and chimneys vary from ~3,920 to 3,350 years. One layer, from an outcrop of 10-to 100-cm-thick Curich layers, is notably younger with an age of 2,180 years. The Fe-Mn oxides were <5 years old at the time of collection in 2009.
Introduction
The Mariana volcanic arc is the ~1,400-km-long southern half of the Izu-Bonin-Mariana arc (Fig. 1A) . The arc consists of 76 volcanic edifices grouped into 60 volcanic centers of which 26 (20 of those being submarine) are known to be hydrothermally or volcanically active (Baker et al., 2008) . Most of the hydrothermal systems in the Mariana arc are sulfur rich, producing predominantly native sulfur and silica deposits (de Ronde et al., 2004; Baker et al., 2008; Embley et al., 2007; Resing et al., 2009; Butterfield et al., 2011 ) and more distal manganese-oxide deposits . East Diamante submarine volcano in the sourthern part of the Mariana arc is the only known site along the arc to host hydrothermal barite and sulfide precipitation. East Diamante is a silicic complex caldera ~5 ×10 km in size and elongated east-northeast−west-southwest, which is breached along its E. Diamante Tables  1, 3 ). The central cluster of resurgent dacite domes is indicated (bathymetric maps from Mariana Bathymetric, Susan Merle, PMEL/NOAA, comp.). northern and southwestern sectors (Stern et al., 2013; Fig. 1B) . A cluster of resurgent dacite domes rise 200 to 300 m above the center of the caldera floor 600 m below sea level (Baker et al., 2008) . Among all known Mariana hydrothermal sites, black smoker chimneys have only been found at East Diamante caldera (de Ronde et al., 2004) . However, Cu sulfides occur along the lower inner wall of West Rota caldera where they occur as orthogonal vein networks that may be stockwork mineralization (Hein et al., 2009) .
Three hydrothermal fields hosting sulfates-sulfides have been found in East Diamante caldera, all of which occur on the northeast flank of the resurgent dome complex (Figs. 1B, 2) . One field consists of active sulfide chimneys and another of inactive sulfide chimneys (de Ronde et al., 2004) . The third field hosts inactive, layered, elongate, barite-sulfide mounds capped by small knolls of active, low-temperature Mn and Fe oxides ( Fig. 3A-C ). This type of mound system has not been previously described and is the subject of this paper. This large field of barite-sulfide mounds was discovered in June 2009 and revisited in July 2010, using JAMSTEC's R/V Natsushima and the remotely operated vehicle (ROV) Hyper-Dolphin. The mound field was sampled during Hyper-Dolphin dive HPD1012 on cruise NT09-08 in 2009 and during dives HPD1150, 1151, and 1153 in 2010 on cruise NT10-12 (App. 1).
The full extent of the East Diamante mound field has not yet been determined. However, it strikes for at least 180 m eastwest and >120 m north-south and is aligned along a series of NE-SW− to NW-SE−trending fractures. The part of the field that contains most of the barite-sulfide structures covers >120 × ~30 m (Fig. 2) . Three types of sulfate + sulfide structures occur in the mound field: (1) layered barite-sulfide mounds, some with inactive chimneys that grew from their top surface and others with small active oxide knolls that are growing from the upper surface ( Fig. 3A -C, 4A); (2) individual, small, inactive chimneys, or chimney clusters (Fig. 4B) ; and (3) a massive bedded and fractured outcrop of barite, chalcopyrite, and pyrite (Fig. 4C ). In addition, four types of Fe-Mn oxide deposits occur in the mound field: (1) small, active, oxide knolls atop the sulfate-sulfide mounds (Fig. 3B,C) ; (2) actively forming oxides draped over the flanks of some mounds (Fig.  3A) ; (3) actively forming, porous, very friable, Fe-Mn oxide deposits on the seabed throughout the area; and (4) inactive(?), indurated, centimeter-to decimeter-thick Fe oxiderich layers that make up the seabed over hundreds of square meter areas to form a cap rock (Fig. 4D ).
Methods

Chemistry and mineralogy
Samples were ground to ≤75 µm using an agate mortar and pestle for chemical and mineralogical analyses. A Philips X-ray diffractometer (XRD) with graphite monochromator was operated at 40 kv and 45 mA.
Step scans were run from 4° to 71° 2q using CuKa radiation. XRD digital data were analyzed using Philips X'Pert High Score software to identify peaks and mineral composition.
Chemical compositions were determined using the following methods. For most samples, the 10 major elements (Si, Al, Fe, Na, Mg, K, Ca, Ti, Mn, P) were analyzed using lithium metaborate fusion and analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-AES); minor elements were determined by four-acid digestion and analyzed by ICP-AES (Ba, Cr, Cu, Li, Mg, Ni, S, Sr, V, Zn, Zr) and ICP-mass spectrometry (ICP-MS; Ag, As, Be, Bi, Cd, Co, Cs, Ga, Hf, In, La, Mo, Pb, Rb, Sb, Sc, Se, Sn, Ta, Te, Th, Tl, U, W), and rare earth elements (REEs) by lithium metaborate fusion and analyzed by ICP-MS. For samples with high Ba, Zn, Cu, or Pb contents (>10%), minor elements and the REEs were determined using sodium peroxide fusion followed by nitric acid digestion and analyzed by ICP-AES and ICP-MS. All samples collected on cruise NT09-08 had major elements determined by X-ray fluorescence spectrometry (XRF) of borate fused disks, which is our preferred method for the major elements in samples with low metal contents. For all sulfide-sulfate samples collected on this cruise, instrumental neutron activation (INAA) was used to determine Ag, As, Au, Br, Co, Cr, Eu, Hf, Sb, Sc, Se, Ta, W, and Yb; Zn was determined by sodium peroxide fusion and analyzed by ICP-AES. For all samples, Cl was determined by specific-ion electrode, Hg by cold-vapor analysis, Au by fire assay and analyzed by ICP-AES, H2O
− by gravimetric analysis, total S by induction furnace/infrared spectrophotometry (IR), and SO 4 2-and elemental S by leach/furnace/IR. Duplicate analyses were performed on 10% of the samples and the average error was approximately ±1% for all techniques.
Pearson product moment correlation coefficient matrices were calculated for the chemical data, which is a measure of the strength of linear dependence between two variables. Statistical significance is given at either a 99% or 95% confidence level (CL). Q-mode factor analysis was used to identify common groups of elements referred to as factors. On the basis 0 0 of XRD mineralogy and element correlations, we determine each factor to represent a particular mineral in the samples and elements in that factor to be associated with or contained within that mineral. This links mineralogy that reflects environment conditions to element contents that in part reflect sources. For Q-mode factor analysis, each variable percentage was scaled to the percent of the maximum value before the values were row-normalized and cosine-theta coefficients calculated. Factors were derived from orthogonal rotations of principal component eigenvectors using the Varimax method (Klovan and Imbrie, 1971) . All communalities, an index of the efficiency of a reduced set of factors to account for the original variance, are ≥0.90.
Sulfur isotopes
A mixed barite-sulfide sample was combusted to SO2 under flowing oxygen. The evolved SO2 was oxidized to sulfate by passing the gases through Br2 water. BaCl2 solution was then added to precipitate BaSO4. The d 34 S value of the sulfate produced from the sulfide component of the sample was determined by mass spectrometry. Both combusted and noncombusted samples were digested in hot, concentrated HCl for several hours to dissolve oxides or sulfides and the acid decanted. The residual material, mostly barite, was washed, transferred to Teflon PFA beakers, and digested with hot HNO3 plus HF to dissolve silica and silicates. Although the barite was then sufficiently pure for d 34 S measurement, the finest particles were removed by suspending in water and decanting because isotopic exchange during acid digestion slightly decreases their d 34 S value. The cleanest barite crystals were handpicked under a binocular microscope. Samples were measured in duplicate in tin capsules with an equal amount of V2O5 on a EuroVector elemental analyzer connected to a GVI IsoPrime mass spectrometer. All results are averages and standard deviations of duplicates and are reported with respect to VCDT, normalized to internal standards R18742, R2268, and R2298 with accepted d 34 S values of −32, +3.3, and +8.6‰, respectively. The external precision of the instrument was better than 0.3‰ for d 34 S values.
Radiometric ages
Small Fe-Mn oxide knoll samples were dated at the National Isotope Center, GNS Science Limited, Lower Hutt, New Zealand, using the activity ratio 228 activities were determined by measuring their decay products 208 Tl and 228 Ac in a well-type, high-resolution gammaray detector. Calibration of the detector and determination of activity ratios using 228 Th disequilibrium are discussed in Ditchburn et al. (2012) . The sulfates-sulfides were dated using the decrease in 226 Ra/Ba due to radioactive decay since the onset of mineralization. For example, ages were calculated for older layers of barite, sphalerite, and galena by comparing their 226 Ra/Ba values with those of the young seafloor massive sulfides samples. The reader is referred to Ditchburn et al. (2012) for a detailed discussion of the techniques used to date our samples.
Scanning electron microscopy (SEM) and petrography
Singly polished thin sections were used for reflected-light microscopy and SEM (with attached energy dispersive X-ray analyzer, EDAX) analyses. After petrography, the thin sections were carbon coated for SEM analysis and imaged using backscatter and secondary electrons.
Results
Description of the mound field
Individual layered mounds are typically 1 to 3 m tall and 0.5 to 2 m wide, with lengths from ~3 to ≤8 m (Fig. 3A-C) . The mounds are composed of layers containing both barite and sulfide-predominately sphalerite (Fig. 5A , B)-with each layer bounded top, bottom, and at its ends by a baritedominant, millimeter-to 2-cm-thick, white margin containing disseminated sulfides (Fig. 5C, D) . Rare, inactive spires and chimneys cap some of the mounds (Figs. 4A, 5E); fallen chimneys were buried in hydrothermal oxides. Small clusters of chimneys <2 m tall sparsely populate the area (Figs. 4B, 5F), whereas those situated atop the mounds can be several meters tall and characteristically quite thick, about a third the chimney height (Fig. 4B, D) . One such chimney (named the "Sumo chimney") that fell from a mound and was buried in oxide sediment was collected by us and has been analyzed in detail (see below). This chimney is ~1 m tall and up to 35 cm A. In the distance, several mounds, one from which sample HPD1153-R06 was taken (cross) and which supports an inactive chimney (solid arrow) on top. Note cluster of small inactive chimneys in foreground (dashed arrow). B. Cluster of inactive chimneys from which the top of a spire was collected (HPD1153-R07) as shown by the line and arrow. C. Layered outcrop cut by fractures from which samples HPD1153R04 and R05 were collected. Sample R05 was collected at the "x," whereas sample R04 was collected from the same outcrop just outside the upper left corner of view. Barnacles (bluish area) can be seen inhabiting the base of the outcrop where low-temperature fluids are discharging along a fracture that can be traced for at least 8 m. The area marked by the black box is shown in Figure 7 . D. Sample HPD1151-R07 collected from an Fe oxide-rich cap-rock layer. Fig. 4A ). B. Mound layer showing shades of gray with porous (dominant) to massive parts; crosses mark areas analyzed for chemical composition; sample HPD1153-R03 (App. 2). Zn content is highest in the dark gray, porous middle part (19 wt %), whereas Ba is highest in the porous, pale gray left part (33 wt %). C. Typical mound layer showing mottled texture of barite-sphalerite-silica and rim of barite; gray-white mottled layer contains Zn (19 wt %), Ag (386 ppm), Au (6.4 ppm), and Cu (1%); sample HPD1150-R05B. D. Typical mound layer with uniform texture of gray barite-sphalerite-silica and barite rind; sample HPD1012-R22. E. A small, inactive chimney, or knob from top surface of a mound, or possibly a composite chimney with two conduits; sample HPD1151-R05. F. Top of dead chimney, very high in Zn, Pb, Cd, Ag, and Hg contents; sample HPD1153-R07 (see Fig. 4B ). G. Sample of layered outcrop showing two patches of chalcopyrite (marked by crosses), with high Cu (28 wt %), sample HPD1153-R05 (see Fig. 4C ). H. Oxide rock layer from seafloor cap-rock outcrop; sample HPD1151-R07 (see Fig.  4D ). Although many fluid conduits are open, no flow was seen coming from this rock layer. Open conduits, oriented parallel to seabed, are lined with or filled with Fe oxide and filled in places between conduits with Mn oxide. thick and has a central conduit lined with yellow silica (Fig.  6A-D) ; the conduit is completely plugged in its upper part by barite and silica.
The most Cu rich samples from the mound field were collected from a single outcrop (HPD1153-R04, R05; see Fig. 2 ). This outcrop is at least 5 m thick, covers more than 100 m 2 , and consists of layers ranging from ~10 cm up to 1 m thick of barite-sulfide (Figs. 4C, 5G) . Each layer has a rind dominated by barite; translucent bacterial mats drape the outcrop. The outcrop is cut by parallel fractures that break it up into large blocks. Low-temperature, focused venting of hydrothermal fluids from the fractures supports a biological community dominated by bacteria and barnacles (Fig. 7) ; gray sulfides are exposed along some fractures.
Precipitation of Fe and Mn oxides and silica is currently forming small (<1 m diam, ~0.5 m tall) knolls atop some of the larger barite-sulfide mounds; these precipitates also drape the flanks of some mounds (Fig. 3A-C) . Both diffuse (through the walls)-and focused (through a conduit)-flow fluids are evident from shimmering water venting from the small oxide knolls, which are laced with anastomosing channelways. Yellow-brown oxides line active conduits and completely fill other conduits.
By contrast, black oxides fill spaces between conduits. Fluid temperatures were not measured but are considered to be low based on the mineral assemblage being precipitated. Similar textures and channelways occur in Fe oxide and silica cap-rock layers that characterize parts of the field, although these channelways have predominantly a horizontal orientation (Figs.  4D, 5H ). Fe-Mn oxides and silica are the only hydrothermal precipitates that occur on the seabed around the margins of the field and cover a much larger area downslope from the main barite-sulfide structures than they do upslope.
Mineralogy
XRD mineralogy of the small Fe-Mn oxide knolls and oxide cap-rock layers shows predominantly birnessite in the Mnrich areas and goethite in the Fe-rich areas of the samples (Table 1) . Talc was identified in one sample. Based on the geochemical compositions (see below) and the presence of a broad hump on the X-ray diffractograms, we infer that amorphous silica occurs in most samples. Minor sulfide and sulfate minerals occur in some oxide samples.
The layered mounds and chimneys are composed predominantly of barite and sphalerite, with lesser amounts of galena (Table 2) , with lesser amounts of these minerals in nearby small clusters of chimneys. In addition, X-ray amorphous silica occurs in nearly every baritesphalerite sample.
Petrology (polished thin sections and SEM)
An assemblage of barite, low Fe (<2 wt % by EDAX) sphalerite, galena, and silica characterizes most samples, consistent with XRD results. Sulfides and silica are interstitial to barite. Chalcopyrite and pyrite are abundant only in layered outcrop samples. In the mound and chimney samples, galena generally occurs as granular rims projecting into cavities present within porous sphalerite aggregates (Fig. 8A ). Some galena (Fig. 8B ) is rich in Sb (determined by EDAX). Silica forms a coating on all of these minerals. Anglesite and other lower temperature Pb minerals, including cerussite and unidentified Pb oxychloride and Pb phosphate minerals, formed late in the paragenesis, after sphalerite and galena (Fig. 8B, C) . The abundance of barite, the wide variety of Pb minerals, and especially the paucity of pyrite and other Fe sulfides contrast with the mineralogy typical of many other seafloor massive sulfide deposits in the global ocean, especially those forming at mid-ocean ridges.
In the mound and chimney samples, minor pyrite (and to a lesser extent sphalerite) occurs as interstitial spheroids with concentric growth rings (Fig. 8D) . Some samples show replacement and infilling of microfossils; for example, foraminifera filled and replaced by colloform pyrite and silica (Fig. 8E) . Evidence of microbial activity may be indicated by microborings at the margins and along fractures in some crystals, especially galena (Fig. 8F) . Similar borings are found in volcanic glass in ocean crustal rocks (e.g., Furnes et al., 2001; Staudigel et al., 2008; Berkenbosch et al., 2012) . We do not see the silicified bacteria (filamentous and spherical) that are common in a wide range of low-temperature hydrothermal deposits (e.g., Hein et al., 1999; Jones et al., 2008) .
Fe-Mn oxide chemistry
The chemical composition of five Fe-Mn oxide samples was determined, which include: (1) two samples from knolls that were venting shimmering water, one of those a bulk sample and one an indurated fragment isolated from the surrounding friable matrix (Table 3) ; (2) two samples of oxide cap-rock layers exposed at the seabed; and (3) one sample of talus that blankets the entire area and buries the base of the mounds; the Sumo chimney was buried in this material and the sample analyzed was adhering to the chimney. Layered cap-rock sample R03 was collected near a mound in the southern part of the field, whereas layered cap-rock sample R07 was collected from a location about 20 m from a mound in the northern part of the field (see Fig. 2 ). Sample R07 has higher Cu, Ni, Co, and V contents than R03, which in turn has higher Ag, Ba, Pb, Hg, and Mo (Table 3) . Samples R03 and R06A9 are considered to bracket the range of element compositions of the oxides-silica blanket found at the seabed around the margins of the field. The Fe/Mn value varies dramatically among the five oxide samples, from 0.9 to 310, although the samples typical of the small knolls and seafloor oxides have Fe/Mn values = 0.9 to 1.3; those typical of the seabed cap-rock layers have values between 7.2 and 8.2.
Mn correlates with Sr and K at the 99% confidence level (CL) and has an inverse correlation with Fe at the 95% CL. Iron has a positive correlation only with Be. Silica covaries with Co, Cu, Hf, V, Zr, Y, and the REEs at 95% CL. Barium, Zn, Pb, Cd, and associated sulfate-sulfide elements (see below) also covary with each other.
Sulfate-sulfide chemistry
Barium (n = 20), Si (n = 5), Zn (n = 3), and Cu (n = 2) dominate the 29 barite-sulfide samples analyzed in this study. Zinc or Si is the second most abundant element in 18 of the Ba-rich samples, whereas Pb is second most abundant in two of these samples (App. 2). The general decreasing order of abundance of these main elements is Ba (mean 29 wt %), Si (10%), Zn Fig. 7 . Barnacles thriving along a fracture venting low-temperature hydrothermal fluids. This fracture cuts the layered outcrop and is outlined by the box shown in Figure 4C . Major >25%, moderate 5 to 25%, minor <5%; amorphous is likely hydrated silica based on 2-theta location of the broad hump (7.5%), Pb (3.8%), Fe (1.7%), and Cu (0.28%), excluding the two Cu-rich samples. These bulk compositions are consistent with the presence of barite, silica, sphalerite, galena, and chalcopyrite, as described above. Several precious and rare metals are strongly enriched in these sulfate-sulfide samples, including (mean/maximum contents) Au (3.4/19 ppm), Hg (17/55 ppm), Ag (237/487 ppm), Cd (348/1,150 ppm), As (375/1,430 ppm), and Sb (426/1,320 ppm). More detailed discussions of geochemistry are presented below for mounds, chimneys, and layered outcrop samples in that order. Mound samples from several locations were analyzed in this study. Seven layers (HPD1012-R22A-R22G; see Fig. 2 ) from the upper and central part of a single mound show a narrow range of major element contents for the five dark gray layers, Ba (40−46 wt %), Zn (4−7 wt %), Pb (2.1−4.4 wt %), Si (1.9−5.0 wt %), and Fe (0.24−0.57 wt %; App. 2) and a wider spread for minor elements, As (170−942 ppm), Cd (98−238 ppm), Sb (321−903 ppm), and precious metals, Ag (201−487 ppm; the highest Ag measured), Au (1.2−2.9 ppm). The two white rind samples (R22B, R22F) have higher Ba, 47 to 50 wt % (equiv to 79−85 wt % BaSO4).
A single gray layer (R05B1) from another mound shows much higher contents of Zn (18.5 wt %), Pb (5.7 wt %), Fe (2.6 wt %), Cu (1.0 wt %), and Au (6.4 ppm); much less Ba, A. Typical sulfide texture showing porous sphalerite (sph) overgrown by late-forming galena (gn) projecting into a cavity (sample HPD1153-R07A). B. Spheroidal sphalerite with interstitial white anglesite (ang); white dendritic Sb-rich galena in sphalerite; dark silica rims (arrow) around spheroids (sample HPD1153-R05B). C. Galena (white euhedral) and anglesite (pale gray) interstitial to sphalerite (medium gray; sample HPD1153-R07A). D. Pyrite (py) spheroids interstitial to barite (ba) and coated by silica (si); faint arcuate galena layers in pyrite (sample HPD1153-R03C). E. Colloform pyrite suggesting replacement of foraminifera (cf. Berkenbosch et al., 2012) ; dark silica layers in pyrite, medium gray is sphalerite, white is galena (sample HPD1153-R07A). F. Galena crystals containing pits and vermiform borings, possibly the result of microbial interactions on crystal surfaces and along fractures; other minerals are barite and sphalerite (sample HPD1012-R22). Chimneys from two locations were analyzed, one in some detail (see Fig. 6A-D) . The ~150-kg fallen Sumo chimney was collected next to a complex of mounds and it most likely fell from the top of the adjacent mound. Eleven samples (HPD1150-R06A1-R06B2; App. 2) were taken along four transects of the chimney as well as the <1-to 3-mm-thick, yellow chimney lining ( Fig. 6B-D) . The conduit lining has the highest Si (42 wt %), As (1,430 ppm), and Tl (163 ppm) contents of all the samples measured. Considering the abundance of barite and mass-balance calculations for S, the maximum amount of elemental S that could be coloring the silica conduit lining is 0.4 wt %. However, traces of Fe can also color the silica (Mark Hannington, writ. commun, July 2013) and is the more likely explanation for the color based on the mineral assemblage and setting. The Sumo chimney samples generally show that Fe, Si, Zn, As, Cd, Cu, and Au contents increase from the outer wall (not including the barite coating) to the inner wall, whereas S, Ba, Pb, Ag, Sb, Sr, and the LREEs show a concomitant decrease. The main difference between the middle transects and the upper transect is the much higher Ba, Ag, and Sb and lower Zn, Cu, and Cd contents in the near chimney-top transect.
The top 10 cm of another chimney (HPD1153-R07) was analyzed, which was part of two clusters of 20-to 100-cmtall chimneys, each growing up from a slab of sulfate-sulfide and draped by translucent bacterial mat. The sample was split into pale gray and a dark gray subsamples (R07A and R07B). These subsamples have the highest Pb (13−16 wt %), Ag (441−483 ppm), Cd (726−1,150 ppm), Cu (1.2 wt %, excluding the two chalcopyrite-rich samples), and Hg (55 ppm) contents measured, as well as high Au (7−13 ppm). A small knob-like protuberance, that may be the base of a small chimney on the upper surface of a mound, has a similar composition, but has somewhat lower Pb, Cu, Ag, and Hg contents (sample HPD1151-R05).
The layered outcrop was sampled from each of two, approximately 1-m-thick layers. Only a small portion of each massive layer was collected: 0.2 kg with sample HPD1153-R04, and 2.3 kg with HPD1153-R05. Sample R04 was analyzed in bulk, whereas R05 was split into analyses of a chalcopyrite-rich lens and the material around that lens. R04, R05A, and R05B have Cu contents of 4.78 wt %, 28.2%, and 0.52%, respectively, in addition to high contents of Fe (18.9 wt %, 19.1%, 0.68%), As (240−1,700 ppm), Hg (8−14 ppm), while the highest measured Sr content (1.2%) occurs in sample R05B (App. 2). Gold is high in the most Cu rich sample, at 2.6 ppm. These are the only samples that contain large amounts of pyrite (~32 wt %) and chalcopyrite (~14 wt % in the bulk sample and ~80 wt % in the lens). The bulk sample has the highest Fe, As, Co, In, and Mo contents in the entire dataset.
A Pearson product-moment correlation coefficient matrix (Table 4) , which excludes the two chalcopyrite-rich samples and averages the Sumo chimney data, shows that Ba correlates with Na and the light REEs (except Ce and Pr) at the 99% CL (Table 4) ; and the correlation between Ba and Nd is excellent (Fig. 9A) . With all the Sumo chimney data included, Ba also correlates with Sr; Ba is inversely correlated with Pb, Zn, Cd, Cu, Sb, Au, and Si (Table 4 ; Fig. 9C, D) . Silica correlates with U (95% CL). Zn correlates with Cd, S, Ga, Au, Sb, Pb, Fe, Cu, Hg, and Ag at 99% CL (Table 4 ; Fig. 10A, B) ; Cd and Zn have a strong correlation indicating a Cd-rich sphalerite (Fig.  10A ). Lead correlates with Hg, Sb, Cu, Cd, S, Au, Zn, Fe, As, Cu, and Ag at 99% CL (Fig. 10C, F) ; the correlation with Hg is very high (Fig. 10D) . The strength of the correlation coefficients indicates that Ga and Au are most strongly associated with Zn, whereas Hg and Cu are most strongly associated with Pb; Sb and Ag have similar coefficients with Zn and Pb, although SEM-EDAX studies show that the galena is Sb rich.
Q-mode factor analysis groups elements into factors that reflect different mineral phases, as determined by XRD. Because of their significantly different chemical compositions than all the other samples analyzed, the two Cu-rich samples were not included in the analysis, which is statistically required based on communalities for those two samples of <0.9. Three factors account for 90% of the data variance: 43% for factor 1, 28% for factor 2, and 19% for factor 3. Factor 1 contains Ba, S, Ag, La, and Ce and represents barite and associated elements; La and Ce were chosen to represent the LREEs. Factor 2 contains Zn, Pb, Ag, Sb, Cd, Ga, Au, Hg, Mo, Cu, S, As, Tl, and Fe and represents the combined Zn and Pb sulfides; Q-mode did not separate these two sulfide minerals and their associated elements. The third factor is composed of Si, U, Lu, and Mo and represents the silica phase; Lu was chosen to represent the heavy REEs.
Sulfur isotopes
The S isotope compositions of a barite-sphalerite pair from a mound layer have been determined. The barite has a d 34 S value of 20.5‰, which is nearly identical within error to present-day seawater sulfate (~21‰; e.g., Paytan et al., 1998) . The sulfide from that layer has a d 34 S value of −2.5‰, which is within the range of Kermadec arc hydrothermal sphalerite samples (de Ronde et al., 2011) and Mariana arc chalcopyrite and sphalerite (C.E.J. de Ronde, unpub. data) .
Radiometric ages
A sample of dacite (HPD1012-R07) from the mound field yielded a whole-rock 40 Ar/ 39 Ar age of 20,000 ± 4,000 years (Stern et al., 2013) . Four samples from small oxide knolls were all less than 4.5 years old at the time of collection (June 2009), using the 228 Th/ 228 Ra method of Ditchburn et al. (2012;  Table  5 ). The 226 Ra/Ba ages of five layers from three mounds range from 3,620 to 3,920 years; four samples from three chimneys are trending to younger ages (3,350−3,690 yrs), although they overlap within error with the mound layer ages. The sample from the layered outcrop is much younger at 2,180 years old (Table 5 ). These samples from the mound field are entirely 
Discussion
ROV dives in 2009 and 2010 discovered a unique field of layered hydrothermal mounds with sparse distribution of chimneys and a layered barite-sulfide outcrop that are rich in base, precious, and other metals (Fig. 11) . Although hydrothermal mounds are found on other arc volcanoes such as the Kermadec arc (de Ronde et al., 2011 (de Ronde et al., , 2014 , their structures and/ or compositions differ from those described here. The East Diamante mound field has many unique characteristics compared to other hydrothermal sites. For example, this mound field is the first one described from the Mariana arc, and those that occur elsewhere are composed predominantly of debris from collapsed chimneys that is cemented by relatively low temperature (<120°C) minerals precipitated from diffuse fluid flow (e.g., Herzig and Hannington, 2000; de Ronde et al., 2011) . Most of those mounds are mineralogically and chemically zoned due to a process termed zone refining (e.g. Tivey et al., 1995; Koski et al., 2003) , but this process has not been documented as having occurred in the East Diamante mounds. East Diamante hosts a field of subparallel, elongate, layered mounds with their long dimension oriented along fractures, as documented from the ROV videos (e.g., Fig. 4C ). Multiple layers compose the mounds, which are dominated by barite mixed with sulfides, and they include a wide variety of Pb minerals. By contrast, there is a paucity of pyrite, other Fe sulfides, and bulk Fe content in general, and elemental S, which further characterizes this unique system. In addition, much younger, currently active, roughly equal-dimensional Fe and Mn oxide knolls developed atop many of the layered mounds. Finally, no fossilized fauna have been collected from hydrothermal deposits in the mound field, a common occurrence elsewhere (e.g., Hannington et al., 1995; Juniper and Sarrazin, 1995) . Iron sulfides are among the most common minerals found in typical hydrothermal sulfide deposits whether formed at spreading centers or in arc systems (e.g., Herzig and Hannington, 2000; Halbach et al., 2003) . The paucity of elemental S in the mound field contrasts with all other known hydrothermal systems in the Mariana arc (de Ronde et al., 2004; Embley et al., 2007; Resing et al., 2007; ; (B) a moderately good correlation occurs with Sr using all data points (r 2 = 0.38, n = 26; not shown); the data can also be viewed as two parallel regression lines, the lower one defined by all layers in a single mound (n = 7) and the upper one all the other data; however, the lower regression line is statistically significant only at the 95% confidence level (CL), whereas the combined dataset is significant at the 99% CL even though the coefficient is lower, the n value is much higher. Inverse correlations occur with (C) Si and (D) Zn (and also with Pb); the Zn-Ba data can be divided into two trends, one showing a more rapid increase in Zn with decreasing Ba; however, all the data combined is also statistically significant at the 99% CL. The meter-scale layered barite-sulfide outcrop (location HPD1153-R03; Table 1 ) is also unique, not only to the Mariana arc, but elsewhere. This outcrop is younger than the mounds by 1,200 to 1,700 years and is relatively Cu rich and therefore the product of a later stage, higher temperature (>250°C) hydrothermal mineralization. Only the exterior of two 1-m-thick beds were sampled from this outcrop. Thus, this structure warrants further investigation.
Iron and manganese oxides
The mound field is characterized by diffuse fluid flow that has occurred at one time or another throughout the entire field, producing Fe and Mn oxides that cover the base of the mounds and fallen chimneys, and which coat the flanks of some mounds and the layered outcrop (Fig. 11) . These oxides are distinctive in texture and chemical composition among hydrothermal oxides found elsewhere in volcanic arcs and mid-plate seamounts (e.g., Usui and Nishimura, 1992; Hein et al., 1997 Hein et al., , 2008 . For example, macroscopically distinct Fe and Mn oxide minerals occur in close proximity in the small knolls and seafloor cap-rock layers. This suggests that temperature and redox gradients must have varied rapidly over short distances within each deposit. This is atypical of hydrothermal strata-bound Mn deposits that are abundant in volcanic arcs, which show very strong fractionation of Fe (mean 0.89 wt %) from Mn (mean 47.5 wt %) for large deposits (e.g., Hein et al., 2008) . Other distinguishing characteristics of the arc strata-bound and mound field oxides are the high Li (mean 515 ppm), Cd (24 ppm), Co (73 ppm), Ni (349 ppm), and Zn (3,058 ppm) contents in the strata-bound deposits relative to the mound area oxides, which have lower means (7 ppm Li, 4 ppm Cd, 14 ppm Co, 71 ppm Ni, and 1,468 ppm Zn; Table  3 ). By contrast, the mound area oxides have much higher mean Hg (1,425 vs. 18 ppm), As (1,077 vs. 68 ppm), Ba (3,426 vs. 1,508 ppm), and Pb (936 vs. 70 ppm) than the strata-bound Mn oxides (Table 3 ; Hein et al., 2008) , which may reflect the abundance of volatile elements in the mineralizing fluids that would otherwise have been sequestered by the higher temperature phases.
The close spatial proximity of macroscopically pure hydrothermal Fe and Mn oxide minerals in the mound field oxides also contrasts with hydrogenetic seamount Fe-Mn crusts. Bulk analyses of the mound field oxide samples appear similar to hydrogenetic ferromanganese oxide deposits with subequal amounts of Fe and Mn, such as Fe-Mn crusts. However, the Fe and Mn minerals in hydrogenetic crusts are epitaxially intergrown, do not have macroscopically distinguishable Fe and Mn minerals, and the Mn oxide is Fe rich. In addition, seamount crusts are very rich in Co, Ni, Ti, Mo, REE, Bi, W, Tl, Te, Pt, and many other metals (Hein et al., 2013) compared to the mound field oxides. The high contents of many metals in crusts reflect in large part their very slow growth rates of only several millimeter/Ma (e.g., Hein et al., 2000) .
The layered cap rock generally has open horizontal channelways, which suggests that fluid flow was also horizontal through these layers. Cap-rock oxide sample R07 may cap a relatively higher temperature part of the mound field hydrothermal system, resulting in higher Cu, Ni, Co, and V contents than in layered sample R03; R03 has higher Ag, Ba, Pb, Hg, and Mo (Table 3) , elements typical of the barite-sulfide deposits. This is consistent with the cap-rock location in the northern part of the field, near the Cu-rich layered outcrop (Fig. 11 ).
Mound and layered outcrop structure
These elongate structures formed along fractures from mineralizing fluids that vented from short-linear conduits rather than from point-source conduits. Low-temperature fluids were seen venting along several meter-long segments of fractures during the 2010 ROV dives (Fig. 7) . Barite formed a basic external structural framework and an internal porous network for the initial phase of mound growth, probably at temperatures of about 200° to 250°C (based on the mineral assemblage) during vigorous mixing with seawater (Fig. 12) . As the permeability decreased and the hydrothermal fluids became insulated from the surrounding seawater, Zn and Pb sulfides precipitated within the barite framework network, likely at temperatures of about 230° to 260°C at the onset, and decreasing to about 180°C during the later stages (e.g., Hannington and Scott, 1988; Fouquet et al., 1993; Herzig et al., 1993) . Fluids appear to have circulated throughout the entirety of the mounds, as do the diffusely flowing fluids today. During conductive cooling, silica precipitation coated all earlier precipitated phases and helped stabilize the mound structure. This process repeated itself several times for each mound creating multiple layers, each layer surrounded by barite with disseminated sulfides. Recurring heat-flux and enhanced fluid flow and circulation were essential in constructing the mounds, which were likely associated with cracking of sealed conduits by overpressured fluids followed by fracture resealing due to mineralization within the fluid conduits (Fig. 11) .
Barite and sulfides precipitated within the mound layers with little mineral zonation. Layers show various textures that reflect predominantly white barite, thoroughly mixed barite and sulfide in uniformly gray layers, and patchy zones of barite and sulfides in mottled gray and white layers. These mottled layers are typically coarser grained than the uniformly gray layers. Porosities can vary significantly from layer to layer and reflect the availability of metals and permeability of the layers. Barite and silica commonly are more abundant toward the layer margins, indicating greater interaction (mixing) of the hydrothermal fluids with seawater. Where buoyantly rising fluid breached the upper surface of the mounds, chimneys formed that have similar barite-and disseminated-sulfide margins and barite-sulfide-silica interiors as mound layers. Chemical zonation is more common in the few chimneys analyzed than in the mound layers (see above).
A similar sequence for the structural development of chimneys and fault-fracture controlled fluid circulation has been proposed previously (e.g., Haymon, 1983; Fouquet et al., 1993; Herzig et al., 1993; Tivey, 2007) . For mid-ocean ridge black smoker chimneys, anhydrite rather than barite typically produces the initial framework; however, owing to its retrograde solubility (Blount and Dickson, 1969) , anhydrite rapidly dissolves. Without silica to provide insulation from the surrounding seawater and structural integrity, the chimneys eventually collapse into mounds of debris. Although both anhydrite-and barite-rich chimneys occur in arc settings, insulating and structurally reinforcing silica is not always present (e.g., Berkenbosch et al., 2012) .
Inferred composition of the mineralizing fluids
The fluids from which the barite-sulfide structures precipitated are no longer venting in the mound field. Presently, Fe and Mn oxides and silica precipitate from low-temperature (1) dacite dome development occurred about 20,000 years ago, which was followed either by an absence of hydrothermal precipitation for 16,000 years, or the burial of earlier formed hydrothermal deposits; (2) hydrothermal layered barite-sulfide mounds formed during the period of about 4,000 to 3,600 years ago; and (3) sparse chimneys from about 3,700 to 3,350 years ago; formation temperatures for the mounds and chimneys are inferred to have varied from ~250° to ~180°C; the hydrothermal fluids boiled at about 250°C; a host of elements (e.g., Ba, Zn, Si, Pb, Cd, Sb, Hg, Cu, Ag, Au) were derived from leaching of dacite basement, seawater, and to a lesser extent, magmatic fluids; (4) pyroclastic or volcaniclastic beds were mineralized subsurface ~2,180 years ago at the northern end of the field, which was later uplifted by volcanic-related growth faults or block faulting, which is seen now as a layered outcrop; the layered outcrop hosts a higher temperature metal assemblage (i.e., Cu, Ni, Co, In, V) than the mounds, metals that are also found in the lower temperature seabed cap-rock oxides that also occur in the northern part of the field and that may have acquired those metals from the leaching of subseafloor sulfide deposits; this type of Cu-rich layered deposits may have formed in the subsurface throughout the mound field area; (5) subsidiary Fe and Mn oxide knolls formed atop many of the barite-sulfide mounds and are less than a decade old; some of these knolls vent lowtemperature (<120°C), clear fluids.
diffuse-flow venting fluids, and more rarely from low-temperature focused-flow venting fluids. The hydrothermal fluids being discharged today may be diluted equivalents of those that formed the barite-sulfide structures. Unfortunately, as the fluids were not sampled, this cannot be verified. However, on the basis of the mineral assemblage and water depth, it can be inferred that fluids were below 260°C, had high sulfur and variable oxygen fugacities, and experienced variable but widespread mixing with seawater. For the present water depth of the mound field, 367 to 406 m, boiling would have occurred at about 245° to 255°C (Bischoff and Rosenbauer, 1984, 1987) . The fluids were also notable enriched in Ba, Zn, Pb, Si, Ag, As, Cd, Sb, Hg, and Au relative to other Mariana arc hydrothermal fluids (e.g., Resing et al., 2007) . The sulfide d 34 S value is more negative than the average value for sulfides from high-temperature mid-ocean ridge systems, but similar to those commonly measured for sulfides in arc systems (e.g., de Ronde et al., 2011 , and references therein). The barite sulfate d 34 S value reflects the dominant seawater component of the fluids. Based on the mineral assemblage, temperatures during most of the barite-sulfide precipitation were likely in the range of 180° to 250°C (see also Herzig et al., 1993) . Fluid inclusion data for a similar mineral assemblage from Axial Seamount and from two volcano hydrothermal systems of the Kermadec Arc are consistent with formation temperatures of ~250°C (Hannington and Scott, 1988; de Ronde et al., 2003a) . Metals characteristic of higher temperature (>300°C) hydrothermal systems such as Sn, Se, W, Ni, Bi, Mo, and Co (e.g., Trefry et al., 1994; Herzig and Hannington, 2000) have very low contents in the mound field samples, except in the Cu-rich layered outcrop bulk sample (HPD1153-R04) with the highest Mo and Co contents. Boiling and phase separation most likely occurred subseafloor (cf. de Ronde et al., 2004) and could account for the high contents of volatile elements As, Sb, Hg, Ag, and Au. The final stages of mineralization probably saw an increase in fluid pH and precipitation of silica, which coats all the other minerals.
Source of the metals
The metals and other elements in the mound field deposits could have been derived from three sources and/or processes:
(1) leaching of volcanic basement rocks, (2) magmatic fluids, and (3) seawater (Fig. 11) . Metal contents in the deposits depend on the relative contributions from these sources, as well as composition of the host rocks, size and depth of the heat source, degree of leaching related to distribution of fractures, water/rock ratios, length of fluid pathways, and duration of fluid contact with host rock. Phase separation or boiling can also play a role in metal deposition (e.g., Fouquet et al., 1993; Halbach et al., 2003; Tivey, 2007) . These factors control or influence the composition, temperature, and pH of the hydrothermal fluid. Contributions of magmatic gases such as SO2, CO2, He, CH4, and H2 are common in volcanic arc settings (e.g., de Ronde, 1995; Yang and Scott, 1996; Gamo et al., 1997; Hannington et al., 2005; de Ronde et al., 2011) . Leaching of silicic rocks such as rhyolite, andesite, and dacite results in vent fluids with high concentrations of many of the elements found in the mound field deposits, such as Ba, Zn, Pb, As, Sb, Cd, Au, Ag, and Si (e.g., Fouquet et al., 1993; Hannington et al., 2005; Stern et al., 2013) . Considering the high contents of many of those metals in the mound deposits, it is likely that magmatic fluids also contributed to enrichments in those elements with a magmatic affinity, for example, Au, Sb, As (e.g., Hedenquist and Lowenstern, 1994; Hannington et al., 2005; de Ronde et al., 2011) . However, this same group of elements can be found in spreading ridge deposits that are considered by many workers to have little or no magmatic input, albeit in different ratios and typically with abundant Fe sulfides (e.g., Hannington et al., 1991) . Ubiquitous Ba in the mound field deposits reflects pervasive leaching of feldspars in the high Ba source rocks (Stern et al., 2013) by the hydrothermal fluids.
Widespread Fe and Mn oxides precipitated from diffuseflow fluids are common features of seafloor hydrothermal systems in their waning stages and also as the precipitate characteristic of the distal end of the seawater mixing during active discharge (e.g., Herzig and Hannington, 2000; de Ronde et al., 2003b) . In the mound field, it is not known if these oxides (plus silica) were (1) deposited throughout the 2,000 years after cessation of sulfate-sulfide precipitation (waning stage), (2) represent a rejuvenation of the system, or (3) reflect distal precipitation contemporaneous with high-temperature mineralization during an active stage that has predominantly been redirected away from the mound field. Only recent ages were determined for the oxides, which supports the rejuvenation scenario. However, because of the limited number of ages available, a final conclusion requires additional analyses and fluid sampling. The distal precipitation from high-temperature, active-stage fluids is not likely to have occurred because they produce strongly fractionated Mn or Fe oxide deposits .
Some metal contents in the mound field samples are similar to those found in some seafloor massive sulfide deposits. For example, the Lau Basin deposits have high mean contents of Ag, Pb, and Cd and low Sn, Co, Se, Mo, and Ni when compared to the mound field samples. Similarly, Axial Seamount deposits in the northeast Pacific have similar high Au, Si, and Pb and low Cu, Co, Se, and Mo when compared to the mound field samples (e.g., Hannington et al., 1991; Fouquet et al., 1993; Herzig et al., 1993) . However, the mound field samples have distinctive high mean contents of Ba and Sr and low Fe, Ga, In, Bi, and elemental S compared to other arc-system or mid-ocean ridge seafloor massive sulfide deposits (e.g., Hannington et al., 2005) . Based on two ternary plots (CuPbx10-Zn; Cu + Zn-As + Sbx100-Pbx10; Fig. 12 ) presented by Hannington et al. (2005) , the mound field samples are compositionally closest to Mediterranean Sea arc-system hydrothermal deposits from Palinuro and Panarea seamounts (Ionian Sea), and those of the Mariana and Okinawa back arcs.
Temporal changes
A dacite sample from the mound field has been dated at ~20,000 years old, indicating relatively young volcanic activity along the east flank of the resurgent domes. By contrast, the oldest barite-sulfide deposit is ~4,000 years old, suggesting that still older deposits may have been covered by volcanic materials or gravity flows. Alternatively, there may have been a hiatus in hydrothermal activity after dome emplacement. Hydrothermal deposition in the mound field region spanned at least 4,000 years, during which the high-temperature venting moved from the mound field to the dead chimney field and is now centered beneath the active chimney field ( Fig.  2; de Ronde et al., 2004; Ditchburn et al., 2012) . Within the mound field, high-temperature (~180°−260°C) mineralization spanned nearly 2,000 years, from ~4,000 to ~2,100 years ago, followed by low-temperature (<120°C) deposition. The low-temperature, small knoll hydrothermal oxides were less than 5 years old at time of collection in 2009; the age of the seafloor oxide cap-rock layers is unknown (Fig. 11) .
The full geographic extent of the mound field and the mineralization styles that it hosts are too poorly known to be specific about the evolution of metal input into the system. Based on the data available, Cu-rich mineralization (i.e., the layered outcrop) occurred near the end of the period of relatively high temperature mineralization, paragenetically later than Znand precious metal-rich mineralization (Table 5) .
On a small scale, the one chimney analyzed in detail (Sumo chimney) shows that generally Fe, Si, Zn, As, Cd, Cu, and Au increase systematically from the outer wall (excluding the barite outer layer) to the inner wall, whereas S, Ba, Pb, Ag, Sb, Sr, and the LREE show the opposite trend. This indicates that with increasing isolation from seawater ingress, sphalerite (with Cd, As, Sb, and Au), silica (with As, Tl, and Hg), and possibly minor chalcopyrite precipitated. As the system waned and temperatures decreased, silica was the last phase to precipitate in lining of the conduit. Barite precipitated throughout the history of the chimney and during the waning stages was accompanied by galena (with Sr, Sb, Ag, and Au) and minor secondary Pb minerals. The metal distribution in the Sumo chimney is comparable to sphalerite-barite chimneys found in Brothers volcano in the Kermadec arc, such as Lena chimney (de Ronde et al., 2011; Berkenbosch et al., 2012) . However, notable Cu-rich mineralization seen in the Lena chimney does not occur in the Sumo chimney, which reflects the higher fluid temperatures (>300°C) involved in the formation of Lena (Berkenbosch et al., 2012) .
Comparative geochemistry with nearby active and dead chimney fields
The active chimney field located near the mound field (Fig.  2) is among the shallowest black smoker systems known, with water depths around 345 m (de Ronde et al., 2004; . On a broad scale, differences in the chimney and mound fields may reflect the distribution of fractures and faults and consequently the rock/water ratio, temperature of the fluid in the upper parts of the circulation system, and degree of mixing with seawater. Higher temperature chalcopyritepyrite-sphalerite deposits likely occur subsurface in the area of the mound field. By contrast, this style of mineralization occurs at the seabed as chimneys in the two chimney fields.
Compared to the mean chemical composition of chimneys in the two chimney fields (C.E.J. de Ronde, unpub. data) , the mean composition of the mounds barite-sulfide samples shows an order of magnitude greater Au contents, as well as higher REEs (Tb is the same within error), Pb, Ba, and Si, and slightly more Ag. Conversely, the chimneys show two orders of magnitude more Ca, an order of magnitude more Cu and Ga, as well as higher Fe, Zn, Cd, As, S, and slightly more Hg and Sb than the mound samples (Table 6 ; Fig. 13 ). These differences reflect, in part, the more abundant anhydrite, pyrite, and chalcopyrite in the chimneys (C.E.J. de Ronde, unpub. data) formed by higher temperature fluids at the seabed that created the chimneys (measured at 242°C at 345-m water depth; Embley et al., 2007) . The higher temperature fluids may in turn reflect a more direct route to the seafloor or longer residence time of the fluid within the hot source rock, as well as decreased mixing with seawater, in contrast to the mound deposits which show much greater mixing with seawater. The higher REE contents in the mounds reflect the higher barite contents, the principal host for the REEs. The much higher Au contents of the mound field deposits may reflect its late-stage incorporation into low-temperature sphalerite formed after prolonged mixing with seawater . Galena and silica are part of that late-stage mineral assemblage, but sphalerite is the dominant host for gold. This mineral association for Au is supported by the correlation coefficients and Q-mode factor analysis (see Table 4 ; Fig. 10 ).
The longer residence times of fluids in the mound structures than in the chimneys and the greater surface area within mound layers may have helped to concentrate gold. Mg, K, Ti, P, Bi, Co, Cr, Hf, In, Li, Nb, Ni, Rb, Sn, Th, V, Zr, Pr, Eu, Gd, Tb, Dy, Y, Er, Yb, and Lu, five or more samples reported less than values, for which the detection limit values were used to calculate the mean for those samples; therefore, the true mean values for these elements are less than those listed in the table. For Pb, Ga, Mo, Tl, U, Ce, Nd, and Sm, four or fewer samples reported less than values, for which 75% of the detection limit was used to calculate the mean and are assumed to be good approximations 4 All n values less than 22 represent no data and are not less than values; for K, Ti, P, Ba, Bi, Br, Cr, Hf, In, Nb, Ni, Rb, Sn, Th, Tl, U, V, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Y, Er, Yb, Lu , and Au, three or more samples reported less than values, for which the detection limit values were used to calculate the mean, and therefore, the true mean values for these elements are less than those listed in the table; for Pb and Cu, greater than values were reported for one or more samples, for which maximum quantification limit values were used to calculate the mean, therefore, the true mean values are greater than those reported in the table. For Mn, Ga, Zr, and La, two or fewer samples reported less than values, for which 75% of the detection limit was used to calculate the mean and are assumed to be good approximations There is no evidence for zone refining in the mounds deposits, although it is common in other seafloor massive sulfide deposits (Koski et al., 2003) ; more detailed sampling by coring the mounds may show zone refining as a mechanism for the concentration of gold and other metals. However, unlike Au, the mean Ag content in the mound field deposits is similar to that in the chimneys. This may reflect the wider array of hosts for the Ag, which apparently precipitated with sphalerite and galena, and may form mineral inclusions in barite based on the Q-mode factor analysis. The much lower Fe in mound field deposits is not the result of different source rocks, as all three fields are hosted by dacite, which has lower Fe contents (3.2 wt %) than MORB (7.6 wt %; Qin and Humayun, 2008) . Rather, the difference in Fe contents is due to much of the Fe in the mound field hydrothermal system being sequestered subsurface through precipitation of Fe sulfides and chalcopyrite (Fig. 11) . At present, Fe is sequestered in ubiquitous Fe oxide deposition throughout the mound field. The exception is the layered outcrop, which shows precipitation of these higher temperature sulfide phases at the seafloor, or more likely exposed by faulting and uplift. This higher temperature mineral assemblage may be typical of subseafloor mineralization in the mound field.
Summary
A recently discovered field of barite-sulfide mounds capped by small Fe-Mn oxide knolls occurs on the eastern flank of a cluster of resurgent dacite domes inside the East Diamante caldera, within sets of fractures that vary in orientation from northeast-southwest to northwest-southeast, based on ROV dive observations. This is the first mound field described from the Marina arc and is distinct in many ways (see "Discussion" section). The mounds are elongate, layered structures that formed atop short, linear vents. A topographically distinct layered sulfate-sulfide outcrop occurs in the layered mound field and is unique within the Mariana arc. This outcrop is ~1,200 to 1,700 years younger than the ~3,350-to 3920-yearold mound layers and is a Cu-rich, inferred higher temperature, but later stage feature (Fig. 11) . The older mounds, and sparse chimneys, are barite-sphalerite-galena-silica−rich deposits, with the following significant mean (and maximum in brackets) trace metal enrichments: Au 3.4 (19) ppm, Ag 237 (487) ppm, and Cd 348 (1,150) ppm. The mound field deposits are also unique in their paucity of Fe sulfide minerals and the very low Fe contents in all samples, except those from the Cu-rich layered outcrop.
The mounds and layered outcrop were deposited during mixing of hydrothermal fluids with seawater at the seafloor with the precipitation of barite forming an external structural framework and internal porous network during the initial phase of mound growth. Then, with partial isolation from seawater, Zn and Pb sulfides precipitated within the barite network (Fig. 11) . During conductive cooling, a coating of silica precipitated on all earlier phases and helped form a stable mound structure. This process repeated several times for each mound creating multilayered structures, each layer surrounded by barite with disseminated sulfides. In order to create the layering in the mounds, reoccurring episodic enhanced fluid flow and circulation were essential and were likely associated with cracking and sealing of conduits. The cracking likely resulted from fluid overpressuring and the sealing from mineral precipitation.
Diffuse flow produced Fe and Mn oxides throughout the entire field that cover the base of the mounds and fallen Fig. 13 . Element enrichment diagram for mean composition of mound field sulfate-sulfide samples (excluding two Curich samples) relative to mean composition of nearby chimney field samples (from Table 6 ; C.E.J. de Ronde, unpub. data) ; element ratios greater than 1 (above dark black line) are enriched in the mound field and those below 1 are enriched in the chimney field. chimneys and coat the flanks of some mounds and the layered outcrop. These oxides are chemically and texturally distinct from hydrothermal oxides found elsewhere in volcanic arcs and are also distinct from hydrogenetic crusts that form on mid-plate seamounts. Only the ages of the small knoll oxides are known, and these were less than 5 years old at the time of collection in 2009. These oxides were produced by lowtemperature diffuse flow through the walls of mounds and knolls and also focused flow through vents in the small knolls. A unique feature of these oxide deposits is the close proximity of pure Fe and Mn oxide minerals, which form separate macroscopic phases that change abruptly over millimeters and reflect steep chemical gradients and rapid changes in pH and redox conditions. It is not known if these oxides (plus silica) were deposited throughout the 2,000-year period after cessation of barite-sulfide precipitation, or whether they formed only in a late-stage rejuvenation of the system. However, we suggest that our age data for the oxides support the latter interpretation. 
